In the current study, we aim to investigate the neurogenic effect of 22 (R)-5
neurological disorders 3 . While cholesterol is required for dopaminergic (DAergic) neuronal 26 maturity in terms of maintaining synapses and neurotransmission, they are also required for 27 their survival [4] [5] . Our aim is to investigate the effect of 22-HC on human Mesenchymal stem cells (hMSCs), 46 which in turn has the most optimum translational implication. Considering the specific action 47 of 22-HC in DAergic neurogenesis and very few evident/ explanatory studies using hESCs or 48
in vivo mice models, we ventured to explore its contribution towards generation of DA 49 neurons from hMSCs. 50 Therefore, considering the varied roles and initial studies stating the importance of 22-HC in 51
DAergic neurogenesis and the significance of MSCs in clinical set-up, we designed this 52 study to coax primary MSCs obtained from various tissue sources like BM, AD and DP using 53 22-HC in combination with FGF2 towards DAergic neurons and their characterization at 54 morphological, ultra-structural, transcriptional and translational levels. Induced hMSCs were 55 also assessed for their functionality by calcium ion imaging method. Apart from the analysis 56 of DAergic neuronal cells, presence of any other cell types was also enumerated. Changes 57 occurring in the cells at ultra structural level were also studied. This detailed comparative 58 analysis on a single platform has given the futuristic direction of research in the field of 59
DAergic neurogenesis and regenerative medicine. 60
MATERIALS & METHODS: 61

Ethics Statement: 62
The study was conducted after receiving ethical clearance from Institutional Ethics 63
Committee (IEC) and Institutional Committee for Stem Cell Research (IC-SCR), AIIMS, New 64
Delhi. All the methods described in this study were performed in accordance with the 65 relevant guidelines and regulations of the Institution. Cryopreserved BM-MSC, AD-MSC and DP-MSC were used for the study. Informed consent 70 was obtained from the patients or legal representatives at the time of bone marrow, adipose 71 tissue or extracted tooth/teeth collection for previous research projects. Age of patients 72 ranged from 24 to 40 years for both BM-MSC and AD-MSC and 20-28 years for DP-MSC. 73
Cells of 5 healthy donors of each MSC type, which were cryopreserved at first passage, 74
were revived in DMEM-LG medium (Gibco, USA) with 10% fetal bovine serum (FBS) 75 (Hyclone, USA) and penicillin (100U/ml) streptomycin (100μg/ml) (Gibco, USA) (Expansion 76 nuclear receptors of 22-HC, i.e., LXRα and LXRβ were also studied. Primers of qRT-PCR 128 grade were procured from Sigma (Missouri, USA). 129
The expression of the genes of interest was normalized to that of the housekeeping gene, 130 glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Melting curve was used to confirm 131 the results and data were analyzed using the graph pad prism software. Details of the 132 primers used are given in Supplementary Table 1 . 133
Immunocytochemistry: 134
The assay was performed as previously described 6 . Briefly, fixed cells were incubated 135 overnight at 4°C with primary monoclonal antibodies against Nestin (1:400), MAP2 (1:250), 136 TH (1:200) and DAT (1:200) (Abcam, USA). After induction period, hMSCs were washed five 137 times with PBS and incubated with fluoro isothiocyanate (FITC) and texas red (TR) 138 conjugated secondary antibodies (1:500 dilution) for 1 hour at room temperature. Finally, 139 after washing five tmes with PBS, cells were counter stained with 4′,6-diamidino-2-140 phenylindole (DAPI) to visualize the cell nuclei. Cells were washed thrice with PBS to 141 remove excess DAPI stain. Stained cells were examined using a fluorescence microscope 142 equipped with a digital camera (Nikon Eclipse 80i, Japan). 143
Intracellular staining for Flow Cytometry: 144
hMSCs after induction with both the induction protocols, were labeled for Nestin (1:100), 145 MAP2 (1:200), TH (1:100), synaptophysin (1:100), DAT (1:100), GFAP (1:100), TPH2 146
(1:150), Ach (1:150) and S100 (1:100) as previously described 6 . Briefly, the cells were 147 incubated with primary antibodies (dilution of 1:100) for 1 hour 20 mins at 4 °C, followed by 148 washing and incubation with secondary antibody labelled with fluorochrome tagged 149 secondary antibody (dilution of 1:400) for 30 mins at room temperature. The cells were then 150 washed and suspended in PBS and acquired on BD LSR II flow cytometer (Becton 151
Dickinson, USA) with minimum of 10,000 events for each sample and analyzed with FACs 152 DIVA software (version 6.1.2). All the antibodies were procured from Abcam, USA. 153
Immunoblotting: 154
Immunoblotting for the expression of neuronal cell specific proteins was performed with both 155 induced and uninduced control cells, as previously described 6 . Briefly, after preparing whole 156 cell lysates using RIPA buffer (Sigma, USA), the protein quantification was done using 157
Bicinchoninic Acid (BCA) Assay method. Protein extracts (30 μg) were subjected to SDS-158 PAGE using 12% Tris/HCl SDS (Sodium dodecyl sulphate) gels and transferred onto PVDF 159 membranes (Membrane Technologies, India). After blocking the membranes with 3% BSA, 160 they were incubated with primary antibody against β-actin (Abcam,UK, 1:2500), MAP-2 161 (Abcam, UK, 1:1500) and tyrosine hydroxylase (Santa Cruz, USA, 1:1000) in 1% BSA-162 phosphate saline buffer (PBS) overnight at 4°C. Post incubation, membranes were washed 163 thrice in PBST and incubated with the appropriate horseradish peroxidase (HRP)-164 conjugated secondary antibody (1/4,000) (Dako, USA) for 2 hours at room temperature. 165
Membranes were developed with chemiluminescence detection reagent (Pierce, USA) and 166 acquired by using Gel Imager machine (Fluor Chem E, Cell Biosciences, Australia). 167
Calcium ion Imaging: 168
Change in the concentration of calcium ions was studied by calcium ion imaging in hMSCs 169 induced for 12 days in all study groups, as previously described 6 . Briefly, hMSCs upon 170 induction, were stained with 10µM of Fura red AM dye. After washing thrice with HBSS, the 171 cells were activated using 50mM KCl solution. Time lapse recording was made at 488nm 172 and 457nm for 3 minutes. Baseline readings were obtained before adding KCl solution to the 173 cells. The experiment was performed using Leica Confocal Microscope (Model TCS SP8). 174
The ratio of florescence at both the wavelengths was obtained and respective graph was 175 plotted. The experiment was performed on 3 samples each. The data was analysed using 176 Leica LAS AF software. 177 Data Interpretation and Statistical Analysis: Means ± SD of independent experiments 178 were analyzed by student's t-test, one way and two way ANOVA test (as per the 179 requirement of data analysis). P<0.05 was considered as statistically significant. Analysis of 180 data was done by using GraphPad Prism 5.00 software (San Diego, California, USA). and DP-MSCs, respectively). These results show that the differentiated hMSCs expressed 304 prototypical midbrain DAergic markers at transcriptional level ( Figure 6A (i & ii) ). 305
22-HC improves functional dopaminergic specifications at both gene and protein level 306
Functional characterization of differentiated hMSCs was performed at gene level by 307 studying the relative fold change in the mRNA expression level of DAT, Kv4.2 and SCN5A. A 308 constant trend was observed where maximum upregulation of the three genes (10.47 ± 309 0.3574 folds DAT, 13.97 ± 1.184 folds Kv4.2 and 13.43 ± 0.7351 folds SCN5A) was highest 310 in DP-MSCs, followed by that my BM-MSCs (10.47 ± 0.3574 folds DAT, 13.97 ± 1.184 folds 311
Kv4.2 and 13.43 ± 0.7351 folds SCN5A) and AD-MSCs (7.542 ± 0.4570 folds DAT, 6.944 ± 312 0.3713 folds Kv4.2 and 7.480 ± 0.4262 folds SCN5A). Extent of upregulation of these 313 functionality related genes was observed to be significantly lower in differentiated AD-MSCs, 314 as compared to that in other hMSC types included in the study ( Figure 6B (iii-v) ). 315
Cells positive for DAT and synaptophysin were enumerated by flow cytometry. It was 316 observed that as compared to their control counterparts, the number of cells in differentiated 317 hMSCs positive for both the proteins was significantly higher. While no significant difference 318 was observed between the outcome of BM-MSCs (40.22 ± 2.002%) and AD-MSCs (43.84 ± 319 0.9368%) for DAT positive cells, DP-MSCs showed significantly higher percentage of DAT 320 positive cells (50.80 ± 0.9121%). Likewise, synaptophysin positive cells were found to be 321 highest in number in differentiated DP-MSCs (54.98 ± 3.751%), followed by that in BM-322 MSCs (33.02 ± 2.713 %) and AD-MSCs (22.82 ± 1.063%). The difference was significant 323 among all the induced cell types ( Figure 6B (i & ii) ). 324
Likewise, immunoflorescence staining revealed the presence of both TH and DAT proteins in 325 all the hMSC types post induction. However, no or very little expression of TH protein could 326 be observed in respective hMSC counterparts ( Figure 6C) . 327
Ultra-structural changes, contributing towards functional DA neuronal cell 328 specification were observed 329
Neuronal differentiation of hMSCs is associated with the ultra-structural modifications in the 330 mitochondria 12 , dense core vesicles or granules (DCVs) 13 Apart from these observations, small endocytotic vesicles were also observed in the ultra-355 structural study of hMSCs post-induction. These vesicles are an indicative of increased 356 neuronal functionality, as they help in neuronal signalling to regulate cell survival, axon 357 growth and guidance, dendritic branching and cell migration ( Figure 7A) . 358
Human Mesenchymal Stem Cells show increase in the calcium ion efflux upon 359 treatment with 22-HC 360
Upon treatment with 50mM of KCl, change in the calcium ion concentration in the cytosol of 361 the in vitro generated neuronal cells was observed. There was significant difference in the 362 intracellular calcium ion transients in DAergic neuronal cells generated by treatment with 22-363 HC in all types of hMSCs, as compared to that in respective uninduced MSCs. In DP-MSCs 364 the change in calcium ion transients was observed to be maximum (58.53 ± 2.622%) as 365 compared to the control (17.93 ± 1.726%). This was followed by that in AD-MSCs (52.07 ± 366 1.831% in differentiated and 18.75 ± 1.711% in control) and least calcium ion transients 367 were observed in BM-MSCs (46.98 ± 2.566% in differentiated and 17.57 ± 1.912% in 368 control). The change in the calcium ion concentration in various study groups have been 369 detailed in the Figure 7B However, use of hESCs in clinical set up is not recommended at present by several 395 researchers and clinicians due to their immunogenicity and tendency to form teratoma. 396
Hence, MSCs are preferred over hESCs for both clinical and drug testing purposes. 397
Considering the translational aspect of the type of stem cells, in our current study, we have, 398
for the very first time, investigated the effect of 22-HC on DAergic neuronal differentiation of 399 human MSCs, derived from human bone marrow, adipose tissue and dental pulp. The 400 investigation included detailed morphological, morphometric, transcriptional, translational, 401 ultra structural and functional characterization of DAergic neuronal cells derived from these 402 various types of hMSCs under the study. 403
We, hereby, report the use of 22-HC as a novel inducer for efficient in vitro generation of 404 DAergic neuronal cells from human MSCs, and their detailed multi-factorial characterization. 405
Our protocol reports as high as 80% MAP2 positive cells after induction of DP-MSCs with 406 22-HC. This is the highest percentage of in vitro generated mature neurons reported till now, 407 using any of the established protocol 17-24 . Also our protocol yields the maximum number of 408 TH positive DAergic neuronal cells (72% in case of DP-MSCs), as compared to any of the 409 studies reported till date 5,6,9,14,15 . These statistics are the highest among all the reported 410 studies till date, to the best of our knowledge. DP-MSCs showed maximal efficiency of in 411 vitro generation of DAergic neuronal cells, followed by BM-MSCs and least being in AD-412
MSCs. The protocol presented in the current study is not only the most efficient, but also 413 cost-effective, as it includes use of only two inducers for generation of DAergic neuronal 414 cells in vitro from hMSCs that can be used for translational purpose. 415
We, for the very first time, report the ultra structural changes occurring in hMSCs upon in 416 vitro differentiation into DAergic neuronal cells. While we have commented on the fine 417 structural changes that appear upon differentiation of hMSCs into neuronal cells, we have 418 also studied in detail the metamorphosis occurring in the cellular components after 419
differentiation. 420
The study also hints that LXRβ plays prominent role in DAergic neurogenesis of hMSCs as 421 for each study group). Data was analysed by three independent observers. 561 
